The semaphorin gene family has been shown to play important roles in axonal guidance in both vertebrates and invertebrates. Both transmembrane (Sema1a, Sema1b, Sema5c) and secreted (Sema2a, Sema2b) forms of semaphorins exist in Drosophila. Two Sema receptors, plexins (Plex) A and B, have also been identified. Many questions remain concerning the axon guidance functions of the secreted semaphorins, including the identity of their receptors. We have used the well-characterized sensory system of the Drosophila embryo to address these problems. We find novel sensory axon defects in sema2a loss-of-function mutants in which particular axons misproject and follow inappropriate pathways to the CNS. plexB loss-of-function mutants show similar phenotypes to sema2a mutants and sema2a interacts genetically with plexB, supporting the hypothesis that Sema2a signals through PlexB receptors. Sema2a protein is expressed by larval oenocytes, a cluster of secretory cells in the lateral region of the embryo and the sema2a mutant phenotype can be rescued by driving Sema2a in these cells. Ablation of oenocytes results in sensory axon defects similar to the sema2a mutant phenotype. These data support a model in which Sema2a, while being secreted from oenocytes, acts in a highly localized fashion: It represses axon extension from the sensory neuron cell body, but only in regions in direct contact with oenocytes. Crown
Introduction
The semaphorins comprise a large, diverse family of secreted and membrane-associated proteins, several of which have been shown to play key roles in axon pathfinding in both invertebrates and vertebrates (Raper, 2000) . While they are one of the better understood classes of guidance molecules, much remains to be learned about the molecular and cellular mechanisms underlying the effects of semaphorins on growing axons in the embryo.
The functions of semaphorins, like many other axon guidance molecules, are dependent on the context in which they act. For example, a recent study in the mouse embryo has shown that a single type of semaphorin can act as either an axonal attractant or repellent, depending on the presence of glycosaminoglycans in the environment of the responding growth cone (Kantor et al., 2004) . It is therefore crucial to precisely define the cellular context when trying to unravel the molecular mechanisms by which semaphorins act on growth cones.
Much of our current understanding of the roles of semaphorins in axon guidance in vivo has come from studies in Drosophila, thanks largely to our ability to manipulate semaphorin expression using molecular/genetic tools in this organism. The Drosophila genome contains two members of the transmembrane Class I semaphorins (Sema1a and Sema1b), two members of the secreted Class II semaphorins (Sema2a and Sema2b) and a single member of the transmembrane Class V semaphorins, Sema5c. Sema1b is not apparently expressed in the nervous system and little is known about the biological functions of Sema2b and Sema5c (Khare et al., 2000) . On the other hand, there have been several investigations into the roles of Sema1a and Sema2a in axon guidance in Drosophila.
Sema1a is expressed in neurons, including motor axons in the Drosophila embryo. The motor axon branching defects seen in sema1a null mutants and the rescue of these phenotypes by driving Sema1a in neurons suggest that this molecule mediates repulsive interactions between motor axons, causing them to defasciculate in an orderly fashion at nerve branch points (Yu et al., 1998) . Consistent with this hypothesis, ectopic expression of Sema1a on muscles disrupts innervation of those muscles (Winberg et al., 1998b; Yu et al., 1998) . Sema1a also plays a role in axon pathfinding during the construction of the adult nervous system. In sema1a mutants the Giant Fibre, a large brain interneuron that normally grows posteriorly during the pupal stage to innervate the TTMn motorneuron in the thorax, either projects aberrantly towards the retina or grows to the thorax but fails to branch to the TTMn (Godenschwege et al., 2002) . The latter mutant phenotype can be rescued by driving Sema1a in either the Giant Fibre or the TTMn, pointing to a potential role for this semaphorin both as a ligand and a receptor.
Sema2a appears to perform a different role to Sema1a in the Drosophila embryo. Published reports of Sema2a expression, based on in situ hybridization staining, show strong expression in a single thoracic muscle and weak, pan-muscle expression (Kolodkin et al., 1993; Matthes et al., 1995; Winberg et al., 1998a) . sema2a loss-of-function mutants show inappropriate muscle innervation by subsets of motor axons (Winberg et al., 1998a) while overexpression of Sema2a on all or subsets of muscles leads to disruption of muscle innervation. It has been suggested that Sema2a secreted from muscles repels motor axons, preventing them from innervating inappropriate muscle targets (Matthes et al., 1995; Winberg et al., 1998a ). However, the differential level of expression of Sema2a between muscles predicted by this hypothesis has not yet been demonstrated, and the cellular mechanism of action of Sema2a remains unclear. One key, unresolved issue is whether the secreted semaphorins can mediate long-range axon guidance or whether, like membrane bound, class I semaphorins, they only influence the growth of axons in the local vicinity of cells that produce them.
Two major classes of receptors, neuropilins and plexins, have been implicated in mediating responses by growth cones to semaphorins (Huber et al., 2003; Pasterkamp and Kolodkin, 2003) . While the fly genome appears to lack neuropilins, it contains two plexins-PlexA and PlexB. Genetic studies point to PlexA as the likely receptor for the transmembrane class I semaphorins, Sema1a and 1b. For example, embryos that lack plexA or that have a single copy of both plexA and sema1a show the same motor axon phenotypes as sema1a loss-offunction mutants and these phenotypes can be rescued by driving PlexA specifically in neurons. Furthermore, the finding that alkaline phosphatase (AP)-Sema1a and AP-Sema1b fusion proteins bind to PlexA-expressing membranes from transfected COS cells (Winberg et al., 1998b) shows that PlexA can interact physically with Sema1a and Sema1b.
Until very recently, the receptor(s) for the secreted class II semaphorins and the ligand(s) that binds PlexB were unknown. Ayoob et al. (2006) have now shown that Sema2a binds to the surface of Drosophila S2R+ cells expressing PlexB in vitro. Furthermore, they demonstrate that a stalling phenotype in the transverse nerve resulting from overexpression of Sema2a in all muscles in the embryo is suppressed by removal of one copy of plexB. These data provide the first evidence that PlexB acts as a receptor for Sema2a to mediate axon pathfinding. Surprisingly, however, the plexB LOF mutant phenotype (failure of innervation of target muscles and axon misrouting) is quite different to, and in most respects, the opposite of the sema2a LOF phenotype (ectopic innervation of muscles) (Winberg et al., 1998a) .
Previous studies of the function of semaphorins in Drosophila have focused on their effects on motor axon branching in the periphery or on axon growth within the central nervous system (CNS). While these studies have made major contributions to our understanding of semaphorin function, sensory axon pathfinding in the periphery offers some advantages over the motor system or the CNS as a model system.
Every sensory neuron in abdominal segments of the Drosophila embryo has been individually identified and the spatio-temporal pattern of axon growth in the periphery has been described in detail for many of these neurons (Harris and Whitington, 2001; Hartenstein, 1988; Parsons et al., 2003; Younossi-Hartenstein and Hartenstein, 1993) . The cellular environment first encountered by the sensory growth cones is much simpler than for central neurons, enabling us to more readily identify key cellular guidance cues (Harris and Whitington, 2001) . Furthermore, unlike motor axons, many individual sensory axons can be unambiguously identified following pan-neuronal immunohistochemical staining as the axons can often be traced back to single cell bodies. The embryonic sensory system therefore presents us with an ideal system for analyzing the effects of manipulating levels of candidate axon guidance factors on the behavior of single identified growth cones at specific choice points, where the cellular environment of the growth cone is well defined. We have previously identified a role for the Roundabout (Robo) family of receptors in sensory axon guidance in the periphery of the Drosophila embryo (Parsons et al., 2003) . Our findings suggest a model in which Slit, secreted from the epidermis, binds to Robo receptors on the growth cones of lateral cluster sensory neurons. This interaction "dampens" the searching ability of those growth cones, limiting their ability to access a potentially attractive, but inappropriate pathway.
In the current study, we show that semaphorins and plexins also contribute to directing sensory axons from the earliest stages of outgrowth. Our results implicate a novel function for the larval oenocytes (hereafter called oenocytes) in axon guidance. These cells are the source of the secreted semaphorin, Sema2a. They form a repulsive barrier, which prevents misprojection of v'ch1 sensory axons to nearby lateral cluster neurons and vice versa. In this context, Sema2a appears to act as a local axon guidance cue, rather than as a long-range, diffusible factor. We have also shown that this axon guidance function of Sema2a is mediated via both the PlexA and PlexB receptors, with PlexB playing the major signaling role. (semaII P2 ) and sema2a ex59 are loss-of-function alleles. Tp(2;3)vg89e88 is an uninverted insertional transposition, with a large haplolethal deficiency component in the interval 52B3-C1;53E2-F1 (FlyBase) which spans the sema2a gene. Single mutant stocks and recombinants were balanced over lacZmarked chromosomes. Homozygous single mutant and transheterozygous embryos were identified by the absence of β-galactosidase (β-gal) expression. plexA Df(4)C3 is a line with a small deficiency in the region 102D6-F which removes approximately 10 genes, including plexA. plexA is the only one of those genes known to be involved in axon guidance. plexB KG00878 carries a Pelement insertion in the plexB gene approximately 70bp after the start codon. Embryos homozygous for plexA Df(4)C3 or plexB KG00878 were identified by the absence of either β-gal or plexA or plexB mRNA expression. sema2a 03021/03021 ;; plexA Df(4)C3/Df(4)C3 and sema2a
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;; plexB KG00878/KG00878 embryos were generated by crossing flies heterozygous for both genes. Double mutant embryos were labeled with MAb22C10 (which recognizes a microtubule-associated protein Futsch found in all Drosophila sensory neurons; (Hummel et al., 2000) ), and then genotyped using MAb19C2 (anti-Sema2a) followed by plexA or plexB mRNA in situ hybridization. Rescue of the plexA and plexB mutant phenotypes was performed by crossing either the UAS-plexA or UAS-plexB line (provided by Alex Kolodkin) to P0163-GAL4 (provided by Michael Bate) in a plexA Df(4)C3 or plexB KG00878 mutant background, respectively. The P0163-GAL4 line drives GAL4 expression in all sensory neurons and their support cells but not in motor neurons (Hummel et al., 2000) . In addition, we find that this line drives expression of GAL4 in oenocytes. A UAS-sema2a line (provided by Alex Kolodkin) and a sal-GAL4 line (provided by Jordi Casanova and Gines Morata) were used to make recombinant lines for attempted rescue of the sema2a phenotype. Rescue was accomplished by crossing a UAS-sema2a, sema2a 03474 recombinant line to a sal-GAL4, sema2a 03474 recombinant line. The sal-GAL4 line drives expression in oenocyte precursors, and tracheal and epidermal cells in the dorsal region of the embryo (Boube et al., 2000) . To mis/overexpress semaphorins and plexins in the periphery, flies carrying UAS-plexA, UAS-plexB, UAS-sema1a and UAS-sema2a constructs (provided by Alex Kolodkin) were crossed to either P0163-GAL4 or elav-GAL4 lines (Luo et al., 1994) to drive expression in a subset or all neurons, respectively. In addition, the UAS-sema2a line was crossed to either a wg-GAL4 which drives expression in the epidermis (Giraldez et al., 2002) , TRA-GAL4 (provided by Andrea Brand) which drives expression in the tracheal system or the sal-GAL4 line. To generate mosaic embryos in which some or all of the oenocytes were ablated, the sal-GAL4 line was crossed to an FRT19A,tubPGAL80,hsFLP line (Bloomington) and the UASreaper line (provided by Andrea Brand) was crossed to an FRT19A line (Bloomington). FRT19A,tubPGAL80,hsFLP;sal-GAL4 flies were then crossed to FRT19A;UAS-reaper flies. Embryos from this cross were heat shocked at 37°C for 30 to 45 min, at 4-, 4.5-, 5-, and 5.5-h intervals, a period over which the last mitotic division of oenocyte precursor cells is thought to occur (Brewster and Bodmer, 1996) . Embryos were then allowed to develop normally at 25°C before fixation and immunohistochemical staining. As an alternative method for oenocyte ablation, the MZ97-GAL4 line, which drives expression specifically in oenocytes and peripheral glial cells (provided by Gerd Technau), was crossed to the UAS-reaper line. All statistical analyses were performed using Fisher Exact Test. Values were judged to be significantly different if P < 0.05. Stocks were raised on standard cornmeal and sugar medium, and all crosses were conducted at 25°C with the exception of UAS-GAL4 crosses which were conducted at either 25°C or 29°C.
In situ hybridization
For plexB DNA templates, PCR fragments containing the T7 RNA polymerase binding site were amplified using available cDNA (plexB EST LD34161, Drosophila Genomics Resource Center). The following primers were used: plexB antisense forward CCGGTTATGTAACACGCTTGG, plexB antisense reverse TGCTGTGACTGACGTAACTG (nucleotide 1241-1743). A plasmid containing a 912-kb fragment of plexA cDNA was kindly provided by Jasprien Noordermeer (Winberg et al., 1998b) . Sense and antisense mRNA probes were synthesized by in vitro transcription using either T3 or T7 RNA polymerases and digoxigenin-UTP (Roche). Whole-mount in situ hybridization was performed on embryos following a method adapted from that previously described (Kopczynski et al., 1996) . Briefly, whole embryos were hybridized with 10 μg of RNA sense or antisense probe which was detected with alkaline phosphatase linked antibodies (1:3000, Roche) followed by BCIP/NBT (Roche).
Immunohistochemistry and microscopy
Eggs were collected for 6 h at 25°C then placed at 18°C for an additional 16 h, or collected overnight at 25°C on apple juice-agar plates with yeast paste. Embryos were staged on the basis of gut morphology and dorsal closure (Campos-Ortega and Hartenstein, 1985) . Embryos were stained using standard immunohistochemical methods (Patel, 1994) . Both immunohistochemistry and in situ hybridization were performed on embryos using a method adapted from (Manoukian and Krause, 1992) , in which immunohistochemistry precedes in situ hybridization. MAb19C2 (anti-Sema2a, developed by Corey Goodman), MAb1D4 (anti-Fasciclin II, developed by Corey Goodman), MAb22C10 (antiFutsch, developed by Seymor Benzer), and rat anti-Elav (developed by Gerald Rubin) were supplied by the Developmental Studies Hybridoma Bank. Rabbit anti-Sal (which recognizes the transcription factor Spalt in oenocyte nuclei) was kindly provided by Rosa Barrio. Anti-β-gal was purchased from Promega. Primary antibodies were diluted in Phosphate-buffered saline with 0.1% Tween-20 (PBT) +5% normal goat serum (NGS) at 1:9 for MAb22C10, MAb1D4, MAb19C2, and anti-Elav, 1:300 for anti-Sal and 1:250 for anti-β-gal. Appropriate secondary antibodies conjugated to HRP were used at 1:500 and visualized by using diaminobenzidine, with or without nickel intensification. Stained embryos were mounted in 70% glycerol in PBS and viewed with a Zeiss Axioskop. Digital images were captured with a Dage-MTI DC330 video camera and a Scion CG-7 frame grabber. Projections of in-focus images in multiple focal planes were made manually using Adobe Photoshop 7.0 software.
For immunofluorescence, embryos were hand-devitellinized, mounted on poly-lysine-coated slides, and fixed in 4% formaldehyde in PBS. Cy5-conjugated goat anti-horseradish peroxidase, which stains insect neuronal membranes (Jan and Jan, 1982 ) was used at 1:100 (Jackson ImmunoResearch). MAb19C2 and anti-Sal were used as previously described. Fluorescent secondary antibodies, Alexa488-conjugated goat anti-mouse and Alexa594-conjugated donkey anti-rabbit (Molecular Probes), were used at 1:500. Embryos were examined using a Bio-Rad MRC1024/Zeiss Axioplan confocal microscope. Images were captured using the Bio-Rad LaserSharp-Acquisition program and processed using the Confocal Assistant software.
Single sensory neuron dye injections
v'ch1 sensory neurons were individually stained in intact embryos by juxtacellular injection of DiI, as previously described (Harris and Whitington, 2001; Merritt and Whitington, 1995) . Injections were made in sal-GAL4/UAS-CD8∷GFP embryos, which express GFP in oenocytes as early as stage 13, to facilitate localization of the v'ch1 neuron. UAS-CD8∷GFP flies were provided by Bloomington Stock Center. Following dye injection, preparations were photo-converted in the presence of 0.2% diaminobenzidine to give a permanent dark reaction product, then immuno-stained with MAb22C10 to reveal the relationship between the injected neuron and other sensory neurons.
Results
Pattern of sensory axon growth in wild-type embryos
The spatio-temporal pattern of axon growth from lateral and dorsal cluster sensory neurons has been described in detail in previous studies (Harris and Whitington, 2001; Hartenstein, 1988; Parsons et al., 2003; Younossi-Hartenstein and Hartenstein, 1993) . Axons of dorsal cluster sensory neurons contact the transverse connective, a tracheal branch, immediately after outgrowth. Axons of lateral cluster neurons, including lch5s, lesA and ldaA, follow the spiracular branch of the trachea as they grow internally away from the epidermis. Subsequently, both the lateral and dorsal sensory axons contact the axons of motorneurons (MNs) in the intersegmental nerve (ISN) and advance ventrally towards the CNS, while associating closely with these axons. This pattern of axon growth is depicted schematically in Fig. 1 .
To interpret phenotypes seen in semaphorin and plexin mutant embryos, we required a more detailed description of the pattern of v'ch1 axon outgrowth than is currently available. Wild-type embryos from late stage 13 to late stage 16 were fixed and labeled with MAb22C10 to reveal sensory cell position and axon morphology. In addition, individual v'ch1 neurons were injected with DiI in late stage 13 to late stage 14 embryos to reveal their detailed growth cone morphology during early stages of growth (n = 23 fills).
Axonogenesis begins from the v'ch1 neuron at late stage 13-early stage 14. At this time, the v'ch1 neuron has a short dendrite which projects towards the epidermis in an anterolateral direction. Its cell body lies adjacent to the most dorsal neurons in the v' cluster, which have just begun to become immuno-reactive for the MAb22C10 antibody, and is separated from the lateral cluster sensory neurons on its anterior and dorsal sides by a group of 5 to 7 conspicuous, rounded cells (Figs. 1, 2). We have established that these cells, which lie just beneath the epidermis, are larval oenocytes as they stain with an antibody directed against the Spalt protein (Fig. 2B) . Elstob et al. (2001) have previously noted this close association between larval oenocytes and lateral cluster neurons. DiI injections reveal that at the onset of axonogenesis, several filopodia extend from the v'ch1 cell body in multiple directions ( Fig. 3A upper cell, 3B ). While the pattern of filopodial extension varies between individual v'ch1 neurons, filopodia directed towards oenocytes (in dorsal and anterior directions) tend to be fewer in number (1-2 vs. 3-5) and shorter than those pointing away from them (in ventral and posterior directions) (Figs. 3B, C ). An axonal process quickly extends ventrally from the v'ch1 cell body and grows around the antero-lateral side of the most dorsal v' neuron cell body, sometimes bifurcating to explore the posterior side of this cell ( Fig. 2A) . By the time the axon has reached the more ventral v' neuron cell bodies, the v'ch1 cell body and initial axon segment are free of filopodia (Fig. 3A, lower cell) . The v'ch1 axon subsequently associates closely with the other v' cell bodies, as it advances in an antero-ventral direction. Abundant filopodia projecting from the tip of the v'ch1 growth cone wrap around the v' somata during this phase of growth (Fig. 3D) . By stage 15, the v'ch1 axon has reached the most anterior and ventral cell bodies in the v' cluster and has begun to enter the SN, fasciculating with the pioneering axons in the v' cluster In each of three adjacent hemisegments, the v'ch1 neuron is found ventral and superficial to the lch5 neurons (A, C). Arrows in panel A indicate the v'ch1 growth cones and the arrowhead points to a bifurcating growth cone in contact with a v' cluster neuron. A cluster of 5 to 7 oenocytes is found in the lateral region of each hemisegment, and separates the v'ch1 and lateral cluster neurons (B, C). The yellow color in panel C is a result of merging projected z-stacks and does not indicate localization of Sal in lch5 neurons. Anterior is to the top, ventral to the left. Scale bar: 10 μm. (Hartenstein, 1988) . The motor axons of SNa are not in close proximity to the v'ch1 growth cone during its growth from the cell body to the v' cluster.
During this period of axon outgrowth, the v'ch1 cell body migrates dorsally. By mid-stage 15, it lies above the lch5 cell bodies, separated from them by the oenocytes. By stage 16 the v'ch1 axon has become very thin in the region between the lateral and v' cluster neurons. By late stage 16, v'ch1's cell body lies dorsal to the lch5 neurons.
Genetic ablation of oenocytes leads to defects in sensory axon morphology
The pattern of sensory axon growth in relation to the position of the oenocytes suggested to us that the latter cells might play a role in directing the axons of the v'ch1 and lateral cluster neurons. To test this hypothesis, we attempted to genetically ablate the oenocytes, using two different GAL4 driver lines to express a UAS-reaper transgene in oenocytes. These driver lines are MZ97-GAL4, which expresses in oenocytes and peripheral glial cells; and sal-GAL4, which has a more widespread expression pattern in oenocytes and tracheal and epidermal cells in the dorsal region of the embryo. As the sal-GAL4 driver generates gross morphological defects in the resulting embryos, we used the hsp-FLP-FRT system in combination with this driver to generate mosaic embryos in which only subsets of sal-expressing cells were ablated.
Embryos were double-labeled with anti-Sal to determine the extent of oenocyte ablation and MAb22C10 to label all sensory axons. Only hemisegments that showed relatively normal patterns of sensory neuron cell bodies were included in the analysis. Complete ablation of oenocytes was seldom seen in any given hemisegment with either the MZ97-or the sal-GAL4 driver lines. However, some hemisegments showed a reduced number of oenocytes and those oenocytes that were present often showed an abnormal nuclear morphology, as visualized by anti-Sal staining. In some cases, the oenocyte nuclei were small and irregular, while in others they were elongated and the anti-Sal staining was diffuse (Figs. 4A, B) .
We selected hemisegments in mosaic sal-GAL4; UASreaper and MZ97-GAL4; UAS-reaper embryos in which three or fewer oenocyte nuclei were visible (n = 35 hss). In 20% of such hemisegments, the v'ch1 axon misprojects either anteriorly towards the lateral cluster neurons (6/35 hss, Fig. 4A ) or posteriorly (1/35 hss). In 11.4% of the hemisegments, one or more lateral cluster axons misproject ventrally and joins the v'ch1 axon (4/35 hss, Fig. 4B ). The frequency of these defects differs significantly from UAS-reaper (0% v'ch1 or lateral axon defects, n = 140 hss) and sal-GAL4 (1.5% v'ch1 axon misprojections, 0% lateral axon defects, n = 133 hss) control embryos (P < 0.001, Fisher Exact Test). These findings suggest that the oenocytes normally assist in preventing the v'ch1 from misprojecting to the lateral cluster axons and vice versa. sema2a mutant embryos show defects in sensory axon morphology
We used MAb22C10 staining to reveal sensory axon morphology in stages 14 to 16 sema2a mutant embryos. Three types of sensory axon defects were observed in homozygous sema2a mutants. Most commonly, the axon of v'ch1 is affected, misprojecting anteriorly and joining the ISN instead of the SN (Figs. 5B, D upper hemisegment) . We have seen this defect in embryos homozygous for sema2a 03021 (9.7%, n = 413 hss), sema2a 03474 (14.6%, n = 322 hss), and sema2a ex59 (11.4%, n = 140 hss) ( Table 1 ). These frequencies differ significantly from wild-type (1.4%, n = 210 hss) or sema2a 03474 heterozygous embryos (1.0%, n = 154 hss). sema2a 03474/ex59 embryos show v'ch1 misprojections to the ISN in 18.3% of hemisegments (n = 175 hss), providing evidence that these axonal defects are due to mutations in sema2a and not a second site mutation. The differences in the penetrance values for this axon defect between the three different sema2a LOF alleles and the sema2a 03474/ex59 embryos are not statistically significant (P ≥ 0.05).
In most cases of v'ch1 misprojection, the axon contacts the cell bodies and axons of nearby lateral cluster neurons, lesA and ldaA, which are located anterior and slightly internal to the v'ch1 cell body (Figs. 5B, D upper hemisegment) . In a small number of defective hemisegments (4/40 hss), the v'ch1 axon bifurcates sending its axon both anteriorly to the ISN and ventrally to join the SN (Fig. 5C) .
A second, less frequent defect was observed whereby one or more axons of the lateral cluster sensory neurons misproject ventrally, joining the v'ch1 axon and the SN, instead of the ISN (Fig. 5D lower hemisegment) . We observed this in embryos homozygous for the following sema alleles: sema2a 03474 (2.8%, n = 322 hss) and sema2a ex59 (2.9%, n = 140 hss) ( Table  1) . While low, these frequencies differ significantly from wildtype (0%, n = 210 hss) or sema2a 03474 heterozygote (0%, n = 154 hss) error rates.
Misprojections of dorsal cluster sensory axons were also observed in sema2a mutants. One or more axons of dorsal cluster neurons either misprojects posteriorly (Fig. 5E ) or loops anteriorly in the dorsal region before joining the ISN in its normal position in the lateral region. We have seen these defects in embryos homozygous for the following sema alleles: sema2a 03021 (2.4%, n = 413 hss), sema2a 03474 (2.5%, n = 322 hss), and sema2a ex59 (4.3%, n = 140 hss, Table 1 ). Again, while low, the frequency of these defects differs significantly from wild-type and sema2a 03474 heterozygous embryos (0%, n = 154 hss).
All of the sensory axon defects in sema2a mutants were observed in embryos as young as stage 14, suggesting that they occur during the initial stages of axon outgrowth. No sensory axon defects were observed in homozygous sema1a K13702 mutant embryos (0%, n = 140 hss). To test whether sema1a is acting with sema2a in a functionally redundant fashion, we generated embryos that were doubly homozygous for both sema1a K13702 and sema2a 03021 mutations. The frequency of v'ch1 (5.7%) and dorsal (2.9%, n = 140 hss) sensory axon misprojections in these double mutant embryos does not differ significantly from sema2a 03021 homozygotes (P ≥ 0.05).
plexB and A loss-of-function mutant phenotypes are similar to sema2a Stages 14 to 16 embryos homozygous for the plexB KG00878 loss-of-function mutation were stained with MAb22C10 immunohistochemistry to reveal sensory axon morphology. These embryos showed the same v'ch1 axon misprojection phenotype, at a similar penetrance level, to that observed in sema2a loss-of-function mutants. In 14.7% of hemisegments (n = 210 hss) the v'ch1 axon grows in an aberrant anterior direction to the cell bodies of lesA and/or ldaA, then misprojects anteriorly to the ISN (Table 1, Fig. 6A ). These frequencies are significantly different from those observed in wild-type (1.4%, n = 210 hss) or plexB KG00878 heterozygous embryos (1.5%, n = 133).
Stages 14 to 16 plexA Df(4)C3/Df(4)C3 mutant embryos show two of the three types of sema2a loss-of-function phenotypes: the v'ch1 sensory neuron misprojects anteriorly to the ISN (3.2%, n = 371 hss), and one or more axons of the lch5 sensory neurons misproject to the SN (5.1%, n = 371 hss, Fig. 6B ) (Table 1) . However, only the lch5 defects are significantly higher than the frequencies of defects seen in wild-type or plexA Df(4)C3 heterozygous embryos (0%, n = 203 hss).
Sensory axon defects in sema2a and plex loss-of-function mutants are not secondary to motor axon defects Drosophila semaphorins and plexins have been shown to play a role in motor axon fasciculation and target selection (Ayoob et al., 2006; Kolodkin et al., 1993; Matthes et al., 1995; Winberg et al., 1998b; Yu et al., 1998 Yu et al., , 2000 , raising the possibility that the sensory axon defects we have observed may be secondary to motor axon defects. To test for this possibility, both sema2a 03021/03021 and plexA Df(4)C3/Df(4)C3 mutant embryos were double-labeled with MAb22C10 and MAb1D4 (antiFasciclin II) to label all sensory and motor neurons, respectively. In sema2a 03021/03021 mutant embryos, motor axons of the ISN and SN project normally in all hemisegments in which v'ch1 (12/12 hss) and dorsal sensory axon defects occur (5/5 hss) (Fig. 7A ). SN and ISN motor axons also appear normal in all hemisegments of plexA Df(4)C3/Df(4)C3 mutant embryos that show v'ch1 and lch5 misprojections (8/8 hss) (Fig. 7B) .
Sema2a or PlexA/B overexpression has little effect on sensory axon pathfinding
To mis/overexpress either the UAS-sema1a or UAS-sema2a transgene in the periphery, we used elav-GAL4 to drive expression in all neurons, wg-GAL4 to drive expression in the epidermis, TRA-GAL4 to drive expression in the trachea, and sal-GAL4 to drive expression in the oenocytes. Using these GAL4 drivers to drive UAS-sema2a did result in elevated levels of expression of Sema2a protein in the relevant tissues, as shown by MAb19C2 (anti-Sema2a) staining (Figs. 8A, B) . However, no sensory axon misprojections or stalls were observed in these embryos (Table 2) .
To overexpress PlexA or PlexB receptors in all neurons or sensory neurons specifically, we used both the elav-GAL4 and P0163-GAL4 drivers. These overexpression experiments did not result in a significant number of sensory axon misprojections or stalls. However, when we used two copies of both a UAS-plexB transgene and the elav-GAL4 driver, we observed both lateral (5.7%) and dorsal sensory axon misprojections and/ or stalls (2.9%, n = 105 hss, Fig. 8C , Table 2 ). The frequency of lateral defects in these embryos is significantly higher than in control UAS-plexB or elav-GAL4 embryos (n = 128 hss and n = 118 hss, respectively).
Sema2a, plexA, and plexB are expressed in the periphery at the time of v'ch1 and lateral cluster sensory axon outgrowth
We used immunohistochemical staining with MAb19C2 to determine the pattern of Sema2a protein expression in the periphery of wild-type embryos (n = 20 embryos). Sema2a expression is already evident at the blastoderm stage, when it is broadly distributed across the whole embryo. By stage 14, when the first lateral sensory neurons begin axon growth, Sema2a has become confined to specific tissues in the periphery. As has been previously reported by use of a sema2a enhancer trap line and in situ hybridization (Kolodkin et al., 1993) , there is strong Sema2a expression in a single ventral thoracic muscle and in epidermal stripes at the segment border (Fig. 9A ). In addition, we see weak Sema2a expression in the tracheal system and strong expression in the vicinity of the lateral cluster neurons (Fig. 9) . To identify these lateral Sema2a-expressing structures, we double-stained embryos with MAb19C2 (anti-Sema2a) and either anti-Sal (which labels oenocyte nuclei) or the panneuronal marker anti-HRP. We find that Sema2a is expressed in the cytoplasm of the larval oenocytes (Fig. 9C ) and in the scolopale cells of the lch5 neurons (identified by their spindlelike morphology), but not in the lateral cluster or v'ch1 neurons themselves (Fig. 9F) . By late stage 15, Sema2a expression is weaker in the oenocytes and scolopale cells, and nearly absent in epidermal cells at the segment border.
To determine the extent of maternal contribution to the Sema2a expression pattern, we stained homozygous Tp(2;3) vg89e88 embryos with MAb19C2. While Sema2a expression was detected at the blastoderm stage of these embryos (n = 22 embryos, Fig. 10A ), it was entirely absent by stages 14 to 15 (n = 15 embryos, Fig. 10B ). These results suggest that maternal contribution of Sema2a plays no direct role in sensory axon guidance.
As previously reported (Winberg et al., 1998b) , we see widespread expression of plexA and plexB mRNA transcripts in the CNS of stage 15 embryos. Double labeling with in situ hybridization and immunohistochemistry using anti-Elav to label the nuclei of sensory neurons, shows that plexA and plexB transcripts are expressed in lateral cluster and dorsal cluster sensory neurons, including v'ch1, in stages 14 to 16 embryos (n = 20 embryos, Fig. 11 ).
sema2a expression in oenocytes rescues sensory axon misprojections
Our expression data and the sema2a LOF phenotypes suggest that Sema2a, secreted by the oenocytes, is acting as a short-range guidance cue for v'ch1 and lch5 axons. To further test this hypothesis, we attempted to rescue the sema2a LOF phenotype by driving expression of a UAS-sema2a transgene in the oenocytes, using the sal-GAL4 driver. The frequency of v'ch1 misprojections in these embryos was reduced to 6.8% hss (n = 162), a value that differs significantly from sema2a LOF mutants (14.6%, n = 322) ( Table 1) .
plexA and plexB expression in the sensory neurons rescues sensory axon misprojections Driving expression of a UAS-plexA transgene in all sensory neurons (using the P0163-GAL4 driver) in a plexA Df(4)C3/Df(4)C3 embryo, the axons (arrow) of the lch5 neurons (asterisk) misproject to the SN, while ISN motor axons (arrowhead) project normally. Motor axons are visualized by MAb1D4 immuno-staining (blue), sensory axons with MAb22C10 staining (brown). This figure is a projection of multiple focal planes. Scale bars: 10 μm. Fig. 8. (A, B) Overexpression of a sema2a transgene using the wg-GAL4 (A) or TRA-GAL4 (B) drivers does result in elevated levels of Sema2a protein expression in the epidermis and trachea, respectively. Stage 14 embryos stained with MAb19C2 (anti-Sema2a). (C) Overexpression of a plexB transgene in all axons can result in lateral cluster axon stalling. In this stage 15 embryo, lch5 axons initially project normally, but stall (arrow) before joining the ISN. Anterior is to the top, ventral to the left. This figure is a projection of multiple focal planes of a MAb22C10 stained embryo. Scale bars: 100 μm (A), 50 μm (B), 10 μm (C). mutant background resulted in a significant reduction in the frequency of the lch5 (1.2%, n = 166 hss) misprojection phenotype compared to plexA Df(4)C3/Df(4)C3 mutant embryos (5.1%). When a UAS-plexB transgene was driven in all sensory neurons in a plexB KG00878 mutant background, the frequency of the v'ch1 misprojection phenotype decreased from 14.7% to 4.8% (n = 188 hss) ( Table 1) . These results suggest that PlexA and PlexB function cell autonomously in guiding the lateral cluster and v'ch1 axons. sema2a interacts with plexA and B in v'ch1 and lateral cluster sensory axon pathfinding
Observations of similar pathfinding errors in sema2a, plexA, and plexB mutants and the expression patterns of the sema2a and plexA/B genes suggest that Sema2a may act as a ligand for PlexA and/or PlexB receptors during v'ch1 and lch5 sensory axon guidance. To further test this hypothesis, we generated embryos that are heterozygous for both the sema2a 03474 and plex Df mutations, reasoning that halving the level of both the Sema ligand and Plex receptor could block signaling through this pathway, if indeed these molecules play these roles. In stages 14 to 16 sema2a 03474/+ ;; plexA Df(4)C3/+ embryos, we observed v'ch1 axon misprojections to the ISN in 3.7% of hemisegments, and lch5 misprojections to the SN in 4.9% of hemisegments (n = 328 hss), which is significantly higher than that seen in either sema2a 03474 or plexA Df(4)C3 heterozygotes alone (1.0%, n = 154 and n = 203 hss, respectively). Transheterozygous sema2a 03474/+ ;;plexB KG00878/+ embryos also showed v'ch1 misprojections to the ISN (4.4%) and lateral axon misprojections to the SN or stalls (2.4%, n = 252 hss), at frequencies significantly higher than in sema2a 03474 or plexBheterozygotes (1.5%, n = 133 hss) ( Table 1) .
To test whether Sema2a is the only ligand involved in PlexA and PlexB signaling during sensory axon guidance, we generated embryos that lack both sema2a and plexA or sema2a and plexB. sema2a 03021/03021 ;; plexA Df(4)C3/Df(4)C3 embryos show both v'ch1 misprojections (24.5%) and lateral axon misprojections (7.5%, n = 147 hss) at higher penetrance levels than are seen in either single sema2a or plexA homozygous mutants (Table 1) . Similarly, sema2a 03474/03474 ;; plexB KG0087/KG0087 double homozygotes show v'ch1 misprojections (27.8% of hemisegments) and lateral axon misprojections (4.2% of hemisegments, n = 212 hss) at higher levels than in either single sema2a or plexB homozygous mutants (Table 1) .
Discussion
Secreted semaphorins play a role in sensory axon guidance
We have exploited our detailed knowledge of the cellular basis for axon pathfinding in the sensory system of the Drosophila embryo to shed further light on the mechanisms by which semaphorins mediate axon guidance. Our analysis of sensory axon trajectories in semaphorin mutants reveals that secreted semaphorins play roles in early pathfinding decisions by these axons. In sema2a loss-of-function mutants, n ( Data are presented as percentages of total hemisegments (hss) that exhibit the phenotype. Note: asterisks indicate P values from the Fisher Exact Test (**P < 0.01, *P < 0.05).
the v'ch1 axon often projects to a nearby, inappropriate pathway, the ISN, instead of the SN. Two other defects are seen at low frequencies in sema2a mutants: one or more of the lateral cluster axons projects aberrantly to the SN and axons of dorsal sensory neurons project anteriorly or posteriorly, instead of growing ventrally towards the lateral sensory cluster. These axonal defects are represented schematically in Figs. 12A , B.
The modest penetrance levels of our sema/plex LOF phenotypes suggest that in the sensory system, as in many other situations, axon pathfinding events are likely to involve the simultaneous action of multiple guidance factors that act cooperatively and/or redundantly. Indeed, it has been previously shown that PlexA and PlexB have partially redundant roles in motor axon pathfinding (Ayoob et al., 2006) while motor axon branching over muscles is governed by the relative balance of Sema2a, Netrins and FasII, rather than the level of any one of these molecules (Winberg et al., 1998a) . Sema2a alone apparently makes only a moderate contribution to sensory axon guidance. We have identified several other molecules that play a role in the guidance of the same sensory axons that are affected by sema and plex mutations (Parsons et al., 2003; M. Steinel and E. Mrkusich, unpublished data) . A future goal of our research is to elucidate how these various guidance factors interact to mediate sensory axon guidance.
Overexpression of Sema2a in oenocytes, epidermis or trachea, or ectopic expression in neurons did not result in defective sensory axon morphologies. This finding contrasts with the reported disruption of muscle innervation following overexpression of Sema2a on muscles (Winberg et al., 1998a) . We confirmed using anti-Sema2a staining that the GAL4 driver lines used in these overexpression experiments led to expression of high levels of Sema2a protein in the relevant tissues. Moreover, the partial rescue of the sema2a LOF mutant phenotype observed when the sal-GAL4 line was used to drive UAS-sema2a shows that at least this line can effectively drive expression of functional Sema2a protein. Thus, the absence of sensory axon defects following Sema2a overexpression suggests that sensory axons are less sensitive to semaphorin levels than are motor axons.
In contrast to the secreted semaphorins, we have found no evidence from analysis of the sema1a loss-of-function mutant and overexpression of sema1a that this transmembrane semaphorin is involved in sensory axon guidance in the periphery.
Sema2a secreted by oenocytes represses inappropriate axon growth between v'ch1 and lateral cluster neurons
The v'ch1 pathway is a potentially attractive route for lateral cluster axons, as shown by the misprojection of lateral axons along this route in a variety of mutants, including robo, slit (Parsons et al., 2003) and trachealess (Harris and Whitington, 2001) . However, in wild-type embryos, lateral cluster axons very rarely follow the v'ch1 axon and vice versa. At the onset of sensory axon growth, a cluster of 4 to 7 oenocytes lies between the v'ch1 and lateral cluster neurons. Filopodia extend from the v'ch1 cell body in a variety of directions: those projecting dorsally and anteriorly, towards the oenocytes, are generally short and do not develop into axon branches. These observations suggest that oenocytes form a repulsive zone, preventing axon growth between the v'ch1 and lateral cluster cell bodies. Our finding that ablating some of the oenocytes in a hemisegment can result in misprojection of the v'ch1 axon to the lateral cluster neurons and vice versa supports this hypothesis.
We have demonstrated that the oenocytes strongly express Sema2a and that driving expression of Sema2a in these cells rescues the v'ch1 axon misprojection defect seen in sema2a mutants. These findings suggest that Sema2a secreted by oenocytes normally represses axon growth by v'ch1 towards the lateral cluster neurons, and vice versa. Sema2a may act by inhibiting filopodial extension and/or by repressing filopodial dilation and subsequent axon formation. Loss of Sema2a function in sema2a mutants removes that repression, allowing the v'ch1 and lateral cluster axons to misproject in a reciprocal fashion to each other.
This model of Sema2a function differs from prevailing views of the action of secreted semaphorins as diffusible chemorepellents. Isbister et al. (2003) have shown that sensory axons in the grasshopper limb bud are guided by two orthogonal gradients of Sema2a protein expression which span the entire width and length of the limb bud. The directional growth of the axons is apparently dictated by the fractional change in Sema2a concentration across the limb bud epithelium. Similarly, the secreted vertebrate semaphorin Sema III is proposed to have a long-range guidance function in the spinal cord (Messersmith et al., 1995) . These authors conclude that Sema III secreted by ventral spinal cord cells diffuses dorsally, repelling the axons of small diameter sensory afferents and thereby forcing them to terminate in the dorsal horn.
In contrast, our results suggest that the secreted Drosophila semaphorin Sema2a acts in a very local fashion. Sema2a produced by oenocytes in contact with a portion of the surface of the v'ch1 cell body suppresses axon extension specifically from that region of the cell. In this way, Sema2a determines, at least in part, the initial polarity of axon extension from the v'ch1 neuron.
Sema2a is also expressed in stripes of epidermal cells at the segment border. This source of Sema2a could conceivably contribute to guidance of the v'ch1 and lateral cluster axons by inhibiting their growth in a posterior direction. However, the absence of aberrant, posteriorly projecting sensory axons on either v'ch1 or lateral cluster neurons in sema2a mutants speaks against this function.
Sema2a mediates its effects on sensory axon growth via both PlexA and PlexB receptors
Genetic and biochemical evidence points to PlexA being the receptor for the transmembrane class I semaphorins during motor axon guidance in the Drosophila embryo (Winberg et al., 1998b) . However, until recently, the receptor(s) for the secreted class II semaphorins and the ligand(s) for PlexB had not been identified. Ayoob et al. (2006) have now provided evidence for a physical and genetic interaction between PlexB and Sema2a during motor axon guidance.
Our current study provides a number of lines of evidence that PlexB acts as a receptor for Sema2a in a different context, to regulate the growth of the v'ch1 sensory axon. First, plexB is expressed in lateral cluster sensory neurons, including v'ch1 at the time of axon outgrowth. Second, plexB loss-of-function mutants show the same v'ch1 axon misprojection phenotypes as sema2a loss-of-function mutants. Third, the v'ch1 axon defects in plexB mutants can be rescued by driving plexB expression in sensory neurons. One caveat with this conclusion is that the P0163-GAL4 line used in these experiments drives GAL4 in the oenocytes as well as the sensory neurons. Finally, halving the gene dose of both sema2a and plexB results in the same v'ch1 axon defects as seen in single sema2a or plexB homozygous mutant embryos.
A parallel set of data leads us to suggest, although more tentatively, that PlexA may act as a receptor for Sema2a during lateral cluster axon guidance: plexA is expressed in lateral cluster neurons; plexA and sema2a LOF mutants show defects in lateral cluster axon growth, albeit at low penetrance levels; these defects can be rescued by driving PlexA in the sensory neurons; and sema2a −/+ ; plexA −/+ embryos show the same lateral cluster axon defects.
While the above results provide support for the idea that sensory axon guidance is mediated by Sema2a signaling through both PlexA and PlexB receptors, the mechanism is likely to be more complex than binding of Sema2a to PlexA and PlexB and consequent independent activation of these two receptors. The increased penetrance of the v'ch1 defect in double homozygous sema2a; plexA and sema2a; plexB mutants, compared to single sema2a, plexA or plexB mutants, suggests that additional ligands are involved. Direct interactions between the PlexA and PlexB receptors, as demonstrated by the coimmuno-precipitation experiments of (Ayoob et al., 2006) , may also contribute to the increased frequency of v'ch1 axon defects observed in double sema2a; plexA and sema2a; plexB mutants compared to single mutants. We believe that the sensory system provides a valuable platform in which to further investigate this and other issues related to semaphorin function in axon guidance.
